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Brain white matter hyperintensity (WMH) growth and cortical thinning are commonly seen on magnetic reso-
nance imaging (MRI) in community-dwelling older people.1–5 
The incidence of these features is highly variable between 
individuals but those with the largest WMH volumes and/or 
thinnest cortices are at increased risk of stroke, dementia, and 
cognitive and physical impairment.6–8 Effective interventions 
are dependent on understanding the mechanisms of WMH 
growth and cortical thinning and whether one feature may be 
an underlying cause of the other.
Cross-sectional studies have found associations between 
larger whole brain WMH volume and reduced gray mat-
ter (GM) volume, density, and thickness.3,5,9–12 Those with 
larger WMH volumes generally had relatively reduced cor-
tical thickness3 and density5,11 in frontotemporal and inferior 
parietal regions. Others have found similar cross-sectional 
patterns of negative associations between whole brain WMH 
volume and regional GM volume in the default mode network 
(which includes medial temporal lobe structures, the inferior 
parietal lobe, and cuneus) using a region of interest analysis.10 
Larger WMH volume in small vessel disease patients has also 
been associated with reduced structural connectivity in fron-
totemporal and inferior parietal regions.7
These studies were cross-sectional and so cannot ascertain 
a direction of causation or effect. Additionally, the regions of 
cortical thinning that were associated with WMH volume did 
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not overlie regions with the greatest incidence of WMH,4 for 
example, centrifugally around the ventricles and superiorly 
towards the cranial vertex. Longitudinal studies are required 
to determine whether larger WMH volumes at baseline and 
larger increases in WMH volume are associated with subse-
quent regional cortical thinning. A longitudinal study of the 
association between cortical morphology and WMH volume 
growth has previously been conducted in Cerebral Autosomal 
Dominant Arteriopathy With Subcortical Infarcts and 
Leucoencephalopathy (CADASIL) patients.13 This study found 
that although lacunar lesions were strongly related to wors-
ening cortical morphology, WMH volume was not strongly 
related to worsening cortical morphology in CADASIL.
In the present study, we assessed longitudinal associations 
between change in WMH volume and change in cortical thick-
ness to determine if the relationship between WMH and regional 
cortical thinning could be causal in community-dwelling sub-
jects from ages 73 to 76.3,11 If the relationship between WMH 
and the regions of cortex that were thinned was potentially 
causal, then we hypothesized that there would be an associa-
tion between (1) baseline whole WMH volume and change in 
cortical thickness over the next few years; (2) baseline cortical 
thickness and change in WMH volume; and (3) change in WMH 
volume and change in cortical thickness. To test these hypoth-
eses, we measured progression of WMH volume and cortical 
thinning from ≈73 to ≈76 years of age in community-dwelling 
subjects from the Lothian Birth Cohort 1936 (LBC1936) study.
Methods
Study Approval and Subject Consent
Approval for the LBC1936 study protocol was obtained from the 
Multicentre Research Ethics Committee for Scotland (MREC/01/0/56) 
and Lothian Research Ethics Committee (LREC/2003/2/29). All sub-
jects gave written, informed consent.
Subjects
In the present study, we assessed 351 (N
male=202) community-dwell-
ing subjects from the LBC1936 study14,15 that had full brain MRI mea-
sures, clinical and cognitive assessments at imaging baseline (mean 
age 72.71±0.72 years), and follow-up (mean age 76.40±0.64 years). 
These subjects were not deliberately selected, rather they were simply 
those who agreed to participate in brain scanning and had complete 
data sets at baseline and follow-up (Figure 1).
We recorded Mini Mental State Examination (MMSE) scores at 
baseline and follow-up to screen for possible dementia.14,15 We did not 
exclude subjects based on MMSE but included MMSE as an adjust-
ment variable. We recorded the following vascular risk factors (VRF) 
during a clinical research facility visit: history of hypertension, hy-
percholesterolemia, diabetes mellitus, smoking, history of cardio-
vascular disease, and body mass index. History of cardiovascular 
disease includes self-reported incidences of coronary heart disease, 
stroke, peripheral arterial disease, and aortic disease. We also took 
blood samples and measured blood pressure but did not include these 
variables (eg, systolic blood pressure and glycated hemoglobin) in 
the present analysis to maximize the number of subjects with com-
plete data sets and to be consistent with previous work.3 Further, we 
have previously shown that historical variables, for example, history 
of hypertension, have greater associations with WMH than measured 
variables, for example, systolic blood pressure.4
Brain MRI Acquisition
Brain MRI acquisition parameters were described in detail previ-
ously.16 Briefly, all subjects had brain MRI on the same 1.5 tesla GE 
Signa Horizon HDx clinical scanner (General Electric, Milwaukee, 
WI), maintained on a careful quality assurance programme, at base-
line and follow-up. The scanning protocol was the same at baseline 
and follow-up and acquired T1-, T2-, T2*-, and fluid-attenuated in-
version recovery–weighted images.16
WMH Volume and Cortical Thickness 
Measurement
We measured intracranial volume and whole WMH volume in mil-
liliters using a validated multispectral image processing method that 
combines T1-, T2-, T2*-, and fluid-attenuated inversion recovery–
weighted MRI sequences for segmentation.17–19
We measured cortical thickness using the fully automated Civet 
image processing pipeline developed at the Montreal Neurological 
Institute.20,21 Civet measures cortical thickness at 81 924 vertices (the 
perpendicular distance between GM and WM surfaces) across the 
cortex.20–23 For clarity, we refer to vertex as the perpendicular distance 
between GM and WM surfaces, not the cranial vertex.
We manually verified WMH volume masks and cortical thickness 
maps as per procedures described previously.17–19,22,23 Specifically, we 
followed STRIVE (Standards for Reporting Vascular Changes on 
Neuroimaging) guidelines for segmenting WMH, manually remov-
ing cortical and subcortical infarcts from WMH masks.19 Finally, the 
reliability of cortical thickness20–22 and WMH17–19 measurements were 
tested and reported previously.
Statistical Analysis
All statistical analyses were performed in Matrix Laboratory 
(MATLAB) R2014a (© 1994–2014 The MathWorks, Inc). We as-
sessed changes in overall mean cortical thickness (mean thickness 
of the whole cortical mantle), whole brain WMH volume, and con-
tinuous variables used in adjustment, for example, body mass index, 
from 73 years to 76 years using paired t-tests. Log-transforming the 
positively skewed WMH distributions had little effect on our results, 
and therefore, we maintained their original scale (proportion of in-
tracranial volume) to simplify interpretation. We assessed changes in 
binary variables used in adjustment, for example, history of hyperten-
sion, using z-tests of proportion.
Cortical vertex-wise regression analyses were performed us-
ing the SurfStat MATLAB toolbox (http://www.math.mcgill.ca/
keith/surfstat). We tested 5 vertex-wise regression models where 
(1) cortical thickness at 73 years at each vertex was the depen-
dent variable and WMH volume at 73 years was the independent 
variable; (2) cortical thickness at 76 years at each vertex was the 
dependent variable and WMH volume at 76 years was the inde-
pendent variable; (3) change in cortical thickness at each vertex 
Figure 1. Subject recruitment flow chart. WMH indicates white 
matter hyperintensity.
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was the dependent variable and WMH volume at 73 years was the 
independent variable; (4) cortical thickness at 73 years at each ver-
tex was the dependant variable and change in WMH volume was 
the independent variable; and (5) change in cortical thickness at 
each vertex was the dependent variable and change in WMH vol-
ume was the independent variable. We defined change in WMH and 
cortical thickness as individual measurements at 76 years minus 
measurements at 73 years.
We used false discovery rate to correct for multiple comparisons 
and calculated Q values, that is, false discovery rate–corrected P 
values,24 for all vertex-wise regressions thresholded at 0.05. As re-
ported by others,3 all models were controlled for sex, MMSE, age 
in days, years of education, body mass index, and VRF. Finally, we 
also included childhood (age 11) intelligence quotient as a controlling 
variable to test whether any associations between WMH and cortical 
thickness were because of the influence of premorbid levels of cogni-
tive ability.
Results
Baseline Only and Follow-Up Subject Comparisons
There were no significant differences at baseline (73 years) 
between subjects who did return for follow-up cortical 
thickness measurement and subjects who did not return for 
follow-up (at 76 years) in overall mean cortical thickness 
(3.11 mm versus 3.10 mm, t=0.75; P=0.46); WMH volume 
(0.78% intracranial volume versus 0.84% intracranial volume, 
t=−0.78; P=0.43); history of cardiovascular disease (27.3% 
versus 26.2%, z=0.29; P=0.39); current smoking (6.5% ver-
sus 8.2%, z=−0.76; P=0.22); hypercholesterolemia (40.0% 
versus 43.1%, z=−0.71; P=0.24); hypertension (46.5% ver-
sus 51.8%, z=−1.2; P=0.11); diabetes mellitus (10.1% ver-
sus 11.3%, z=−0.43; P=0.33); body mass index (27.8 versus 
27.8, t=−0.21; P=0.84); years of education (10.85 years ver-
sus 10.89 years, t=−0.448; P= 0.65); nor age 11 intelligence 
quotient (101.9 versus 100.2, t=1.24; P=0.22). However, sub-
jects who did return had higher MMSE scores at baseline than 
those who did not return (28.9 versus 28.6, t=2.49; P=0.01).
The remaining results are only for the 351 longitudinal 
subjects who had full clinical, cognitive, and brain MRI data 
at baseline and follow-up.
Baseline, Follow-Up, and Changes in Cognitive, 
VRF, Cortical Thickness, and WMH Measurements
Baseline, follow-up, and changes in cognitive, VRF, cortical 
thickness, and WMH measurements are shown in Table 1. 
There were significant increases in the proportions of subjects 
with hypertension, hypercholesterolemia, and cardiovascular 
disease and a decrease in MMSE from baseline (73 years) to 
follow-up (76 years). Overall, mean cortical thickness gen-
erally decreased (Cohen’s d of change=−0.45) with age, and 
WMH volume generally increased (Cohen’s d of change=0.93) 
with age (Table 1). The Spearman correlation matrix between 
all brain changes and independent variables (Table 2) shows 
that cortex thinning was generally more pronounced in older 
subjects (ρ=−0.13; P=0.02). All other independent variables 
had limited partial effects on WMH and cortical thinning 
(beyond the effect of time point; Table 2).
Cross-Sectional and Longitudinal Global 
Correlations Between Overall Mean Cortical 
Thickness and WMH Volume
Cross-sectional global correlations between overall mean 
cortical thickness and WMH volume at 73 years (r=−0.06; 
P=0.27) and 76 years (r=−0.08; P=0.12) were not significant. 
Pairwise longitudinal global correlations between (1) WMH 
volume at 73 years and change in overall mean cortical thick-
ness (r=−0.07; P=0.19); (2) overall mean cortical thickness 
at 73 years and change in WMH volume (r=0.01; P= 0.82); 
and (3) change in WMH volume and change in overall mean 
cortical thickness (r=−0.02; P=0.67) were also not significant.
Cross-Sectional Vertex-Wise Regression Models of 
Regional Cortical Thickness and WMH Volume
Cross-sectional vertex-wise regression models of corti-
cal thickness and WMH volume at 76 years are shown in 
Figure 2. Cross-sectional data from 73 years are not shown 
because the pattern of associations between cortical thickness 
and WMH volume was almost identical at 73 and 76 years. All 
models are corrected for VRF, MMSE, education level, and 
Table 1. Baseline, Follow-Up, and Changes in Cognitive, VRF, Cortical Thickness, and WMH Measurements
N=351 11 Years 73 Years 76 Years 3 Year Change
Childhood IQ 102.21±15.75 … … …
Sex (%male) … 57.39 57.39 …
Education, y … 10.86±1.18 10.86±1.18 …
Hypertension (% +ve) … 46.31% 52.56% 6.25% (z=1.66, P=0.049)*
Hypercholesterolemia (% +ve) … 39.20% 46.02% 6.82% (z=1.83, P=0.034)*
History of CVD (% +ve) … 26.14% 32.67% 6.53% (z=1.90, P=0.029)*
Smoking (% current) … 6.53% 5.97% −0.85% (z=−0.31, P=0.378)
Diabetes (% +ve) … 9.09% 12.22% 3.13% (z=1.34, P=0.090)
BMI … 27.57±4.25 27.56±4.46 −0.02±1.49 (t=−0.24, P=0.812)
MMSE … 28.97±1.26 28.72±1.46 −0.25±1.48 (t=−3.01, P=0.003)*
Mean overall cortical thickness, mm … 3.17±0.15 3.12±0.15 −0.05±0.11 (t=−8.18, P<0.001)*
WMH volume (% of ICV) … 0.76±0.71 1.02±0.91 0.26±0.28 (t=17.50, P<0.001)*
BMI indicates body mass index; CVD, cardiovascular disease; ICV, intracranial volume; IQ, intelligence quotient; MMSE, Mini Mental State Examination; 
and WMH, white matter hyperintensity.
*P<0.05.
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sex. Inclusion of age 11 intelligence quotient as a controlling 
variable made little difference to the cortical t-maps (data not 
shown).
Warm colors in Figure 2 show regions where greater 
WMH volume was associated with reduced cortical thickness. 
The significance of cross-sectional associations is shown on 
the left panel of Figure 3. There were consistent patterns of 
negative cross-sectional associations at 73 and 76 years within 
and surrounding the Sylvian fissure extending superiorly to 
the parietal lobe, posteriorly to the occipital lobe, and ante-
riorly to the frontal lobe. Therefore, having greater WMH 
volume was cross-sectionally associated with reduced cortical 
thickness in specific regions only, that is, within and surround-
ing the Sylvian fissure. Associations between greater WMH 
volume and greater cortical thickness in superior regions (cold 
colors in Figure 2) were all nonsignificant.
A scatter plot of the peak cross-sectional association in the 
Sylvian fissure and surrounding area at 76 years (ρ=−0.276; 
Q=0.004) is shown in Figure 3.
Longitudinal Vertex-Wise Regression Models of 
Regional Cortical Thickness and WMH Volume
Longitudinal vertex-wise associations between (1) base-
line WMH volume and change in cortical thickness (gC-wB 
in Figure 2); (2) baseline cortical thickness and change in 
WMH volume (wC-gB in Figure 2); and (3) change in WMH 
volume and change in cortical thickness (C-C in Figure 2) 
were all nonsignificant across the cortex (Q>0.05; Figure 3). 
Therefore, having a larger WMH volume at 73 years (or larger 
change in WMH volume between 73 and 76 years) did not 
predict greater cortical thinning between 73 and 76 years at 
any part of the cortex. Neither did a thinner cortex at 73 years 
predict greater WMH growth between 73 and 76 years.
The longitudinal association between WMH change and 
overall mean cortical thickness change was descriptively 
much stronger in subjects with MMSE≤26 (r=−0.220; P=0.41 
versus r=−0.003; P=0.96) but this was not statistically signifi-
cant potentially because of the small number of subjects with 
MMSE≤26 (N=16).
Discussion
We have replicated cross-sectional associations between 
greater WMH volume and regional cortical thinning around 
the Sylvian fissure3,5,9–12; however, we found no longitudinal 
associations between (1) baseline WMH volume and change 
in cortical thickness; (2) baseline cortical thickness and change 
in WMH volume; or (3) change in WMH volume and change 
in cortical thickness at any part of the cortex in community-
dwelling subjects from 73 to 76 years. The cross-sectional 
associations found here between greater WMH volume and 
Table 2. Spearman Correlation Matrix of Overall Mean Cortical Thickness and WMH Changes and Independent Variables
rho  
(P Value) Cort chng WMH chg BMI Sex CVD DIAB HCHL HBP SMOK EDU IQ11 MMSE Age
Cort chng
WMH chg 0.029 
(0.595)
BMI −0.056 
(0.306)
−0.043 
(0.441)
Sex 0.058 
(0.292)
0.038 
(0.486)
−0.002 
(0.964)
CVD 0.017 
(0.753)
−0.050 
(0.370)
0.088 
(0.109)
−0.148 
(0.007)*
DIAB 0.058 
(0.295)
0.025 
(0.652)
0.149 
(0.007)*
−0.078 
(0.159)
0.098 
(0.076)
HCHL 0.050 
(0.361)
0.055 
(0.317)
0.106 
(0.054)
0.003 
(0.956)
0.179 
(0.001)*
0.220 
(<0.001)*
HBP 0.052 
(0.350)
−0.010 
(0.855)
0.195 
(<0.001)*
−0.018 
(0.747)
0.216 
(<0.001)*
0.150 
(0.006)*
0.283 
(<0.001)*
SMOK 0.025 
(0.648)
0.003 
(0.962)
0.045 
(0.417)
−0.084 
(0.126)
0.115 
(0.038)*
0.068 
(0.218)
0.068 
(0.218)
0.024 
(0.658)
EDU −0.051 
(0.355)
0.074 
(0.183)
−0.171 
(0.002)*
0.039 
(0.482)
−0.019 
(0.728)
−0.084 
(0.126)
0.011 
(0.846)
−0.020 
(0.717)
−0.086 
(0.119)
IQ11 0.060 
(0.273)
−0.029 
(0.604)
−0.142 
(0.010)*
0.073 
(0.185)
−0.006 
(0.913)
−0.072 
(0.191)
0.019 
(0.736)
−0.017 
(0.756)
−0.121 
(0.028)*
0.528 
(<0.001)*
MMSE 0.035 
(0.529)
0.012 
(0.835)
−0.064 
(0.250)
0.104 
(0.059)
−0.043 
(0.432)
−0.061 
(0.271)
−0.035 
(0.521)
−0.048 
(0.386)
−0.107 
(0.052)
0.234 
(<0.001)*
0.378 
(<0.001)*
Age −0.128 
(0.020)*
0.039 
(0.483)
−0.004 
(0.941)
0.086 
(0.119)
−0.015 
(0.783)
0.022 
(0.692)
0.011 
(0.849)
−0.003 
(0.951)
−0.048 
(0.387)
−0.009 
(0.864)
−0.014 
(0.802)
−0.077 
(0.164)
BMI indicates body mass index; Cort chng, change in overall mean cortical thickness from 73 to 76 years; CVD, cardiovascular disease; DIAB, diabetes mellitus; EDU, 
education; HCHL, high cholesterol; HBP, high blood pressure; IQ11, intelligence quotient at age 11 years; MMSE, Mini Mental State Examination; SMOK, smoking; and 
WMH, white matter hyperintensity.
*P<0.05.
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reduced cortical thickness in the region of the Sylvian fissure 
are consistent with previous GM volume,10 voxel-based mor-
phometry,5,11 and cortical thickness3 studies. As with previous 
studies, the regions of cortical thinning–WMH associations 
that we found are not consistent with the most frequent WMH 
locations and areas of expansion,4 for example, centrifugally 
around the ventricles and superiorly towards the cranial vertex.
Our results suggest that WMH volume and cortical atro-
phy both worsen with age and that their individual differences 
share some causes—thus the cross-sectional associations. 
However, their changes from 73 to 76 years do not appear to 
be associated, and such correlated change would have been 
one indicator of a possible causal association. This conclu-
sion is consistent with a longitudinal study in CADASIL 
patients that, although finding strong associations between 
lacunar lesions and cortical morphological changes, found a 
limited association between cortical morphological changes 
and WMH volume.13,25
Strengths of our study include the ability to test longitu-
dinal and cross-sectional associations between WMH volume 
and regional cortical thickness in a large sample of com-
munity-dwelling subjects. Other strengths include the age-
homogeneous subjects with childhood intelligence quotient 
assessments and who are now in the eighth decade of life where 
the risk of dementia increases substantially.26 As well as the 
narrow age range, other novel features of the LBC1936 study 
(eg, all subjects are white Caucasian) may have minimized 
any potentially strong confounding effects that factors such 
as age, mixed ethnicity, and geography might have had in a 
less homogeneous sample. We measured WMH volume and 
cortical thickness using well-validated quantitative techniques 
that we manually checked and quality controlled post-pipeline 
for each subject at both time points.17,20,22 The raw brain MRI 
from which we measured WMH volume and cortical thick-
ness were obtained using the same protocol on the same care-
fully maintained scanner at both time points.16
Despite these strengths and our replication of previous 
cross-sectional findings,3,5,10,11 our study has limitations. The 
follow-up time of 3 years is a major limitation because it 
may not have been long enough to detect correlated changes 
between WMH and cortical thinning. We chose 3-year fol-
low-up (rather than a longer time) to maximize subject reten-
tion and to be consistent with previous studies, for example, 
Austrian Stroke Prevention Study.1,27 Further, we have 
previously detected cross-sectional differences in WMH 
because of age within the narrow age band (<3 years) in the 
LBC1936 study.28 We are studying these subjects again at 6 
years follow-up, and this may provide better evidence for 
any potentially causal relationships not identified here. We 
will attempt to ascertain the reasons for subjects lost to fol-
low-up and will use full information maximum likelihood 
analyses, checked against analyses of completers, to mini-
mize the effect of loss to follow-up. We defined change as 
individual measurements at 76 years minus measurements 
Figure 2. Cross-sectional (76y panel) and longitudinal (C-C, gC-wB, and wC-gB panels) t-maps of vertex-wise associations between 
cortical thickness and whole white matter hyperintensity (WMH) volume. Warm colors show where greater WMH volume is associated 
with reduced cortical thickness. The significance of these associations is shown in Figure 3. C-C indicates cortical thickness change and 
WMH volume change from 73 to 76 years; gC-wB, cortical thickness change and WMH volume at 73 years; wC-gB, WMH volume change 
and cortical thickness at 73 years.
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at 73 years. We are aware that there are other ways of 
assessing change, for example, those often applied to cog-
nitive variable change.29 However, the approach we used 
here is often applied to measure changes in brain morphol-
ogy.30 Although the homogeneous nature of the LBC1936 
cohort may provide increased power from having less need 
to control for confounding variables, for example, age and 
ethnicity, it limits the generalizability of our results. The 
longitudinal subjects we assessed here generally had higher 
MMSE than subjects who did not return for follow-up, and 
this may also limit the generalizability of our results, for 
example, longitudinal associations between WMH, and cor-
tical thinning may be stronger in subjects with lower cogni-
tive scores. We could not adequately test this here because of 
the small number of subjects with MMSE≤26 (N=16), and 
future work is required to determine whether associations 
are stronger in cognitively impaired subjects. Although the 
locations of cross-sectional associations that we (and oth-
ers3,5,9–12) found between WMH and cortical thinning do not 
directly reflect common areas for WMH expansion, areas 
of associations were proximate to the tapetum of the cor-
pus callosum fiber tracts which extend inferiorly and ante-
riorly into the temporal lobes.31 Further work is required to 
determine whether the locations of cross-sectional WMH 
and cortical thinning associations are because of an indi-
rect connection through the perisylvian cortex and tapetum 
of the corpus callosum. Finally, it is difficult to prove or 
disprove a causal relationship between WMH and cortical 
thinning in observational studies. However, we adjusted for 
a number of variables known to influence WMH and cortical 
thinning, and although correlation is not necessarily causa-
tion, correlation is fundamental to causation.32,33 Therefore, 
the lack of longitudinal correlations implies the lack of a 
causal relationship from 73 to 76 years.
Notwithstanding these limitations, we have shown that 
although they both worsen with age, WMH volume progres-
sion and regional cortical thinning do not seem to have a cor-
relative/causal longitudinal relationship from 73 to 76 years. 
Further longitudinal studies with longer follow-up times and 
with more time points at different ages are required to deter-
mine whether causal relationships become apparent over 
longer periods of time and/or at different stages of life. The 
underlying cause(s) of WMH growth and cortical thinning 
have yet to be fully determined.
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